In this work, we describe the development of multilayer coating capabilities of the X-ray astronomy group at NASA Marshall Space Flight Center (MSFC). A DC magnetron sputtering system has been constructed to deposit periodic, depth-graded and aperiodic multilayer coatings on flat silicon and glass substrates of various diameters. The main goal of this new area of research at MSFC is the development of coatings for use on future hard X-ray astronomical telescopes, extending the reflected energy range into the hard X-ray to soft gamma ray band. Descriptions of the system geometry and calibration process as well as initial results from the first few months of deposition and coating recipe optimization are presented.
INTRODUCTION
Hard X-ray optics can employ multilayer coatings to boost the energy response of the bare optic and these can be periodic, depth-graded or aperiodic in their design. Each of these recipe types has unique advantages when it comes to the optical response of a focusing X-ray imaging system. Periodic coatings can be precisely tuned to one wavelength of interest while depth-graded coatings are designed to reflect a broad range of energies. Aperiodic structures utilize numeric computations to determine the coating design for any irregular reflectivity response. NuSTAR, a spaceborne hard X-ray observatory launched in 2012, employs depth-graded multilayer coatings of two designs (Pt/C and W/Si) on conical mirrors to observe X-rays in the 3 to 79 keV energy band [1] . Upon the success of NuSTAR, scientists continue to look for optical designs that can focus even higher energy radiation. The desire for a successor mission to NuSTAR is evident as many groups have put forward proposals for broadband X-ray missions such as Simbol-X [2] , PheniX [3] and the High-Energy X-ray Probe (HEX-P) [4] . These proposed missions require the implementation of highly specialized multilayer coatings on the optics to achieve a broadband response of around 2 to 200 keV.
Initial design and development of these hard X-ray, broadband multilayer coatings for X-ray optics is underway at NASA MSFC. The newly implemented multilayer coating chamber has been constructed and calibrated using two common coating materials, tungsten (W) and silicon (Si). Verification of the system includes X-ray reflectometry (XRR) measurements of the samples to calibrate deposition rates and coating uniformity. MSFC has an in-house XRR system that is used extensively for the work detailed in these proceedings [5] .
The second section of this paper describes the coating chamber setup in detail. Additionally, the control software is also discussed along with the substrate characterization process. Both glass and silicon substrates are used during the verification of the coating chamber. Coating uniformity characterization is detailed in section three. Initial periodic and depth-graded W/Si multilayer coatings are presented in section four.
THE DEPOSITION SYSTEM
The multilayer coating deposition system is a DC magnetron sputtering system with two directly cooled 2 inch cathodes from Angstrom Sciences (ONYX® magnetrons) [6] . They are oriented at 90 degrees to one another and are remotely positioned around the inside of the chamber through a rotatory shaft mounted on the base plate of the chamber which itself is driven by a DC stepper motor. The rotational geometry of the cathodes within the chamber allows the substrate holder to remain in place on its mount fixed to the top plate of the chamber. The holder, while stationary with respect to the cathodes, does rotate about its own axis through the center of its mount to improve coating uniformity across the sample. This geometry allows the substrate to be outfitted with a custom in-situ stress sensor as well as heating elements to both measure in real time stresses imparted to the substrate by each coating layer during deposition [7] and to evenly heat the substrate during deposition respectively. A zoomed-in schematic side view and top view of the deposition system is shown in Figure 1 while a CAD drawing and photograph of the entire system is shown in Figure 2 .
The chamber housing the deposition system was custom made to high vacuum specifications and is 30 inches high by 25 inches in diameter. Motion control software has been developed to automatically perform the coating deposition runs in accordance with the desired coating specifications. This includes user defined deposition rates based on desired layer thickness and number of layers. The system will be used extensively in innovative X-ray multilayer coating design and fabrication. 
COATING UNIFORMITY
Coating uniformity is sensitive to several geometry-dependent parameters including the relative vertical and radial positions of the cathode and substrate as well as the distribution of ejected atoms from the target plumes (or plume distributions). Simple optimization of these two positional parameters results in satisfactory uniformity across the largest 4 inch diameter substrates. Single layer tungsten films were deposited on 4 inch diameter glass substrates and measured using the in-house X-ray reflectometer (XRR) [5] . Eight points along the center of the sample were measured using this technique to determine the thickness of the tungsten layer across the majority of the sample. These data are plotted in Figure 3 below for five different tungsten films, deposited with various relative cathode and substrate positions. It is found that the optimum relative radial position between the cathode and substrate is around 41mm. This results in approximately 5% non-uniformity across the 4 inch substrate which is sufficient for the development of high energy Xray multilayer coatings. Additional techniques can be implemented to achieve even better coating uniformity (less than +/-1%) including the implementation of a mask over the substrate or velocity profiling.
Target material plume distributions
The plume distribution of ejected atoms from the surface of the target material was calculated for tungsten. The UniformityPro [8] software utility was used to model the coating uniformity found from experimental measurements like those shown in Figure 3 . The model fit calculates the corresponding angular distribution of the ejected target atoms and presents the user with a plume parameter m which describes the plume distribution as the power of the cosine of theta: (cosθ) m . Theta is the angle of the ejected atoms as measured from the normal to the target surface. A value of m = 0 signifies a source with no angular dependence (or a point source). An extended source is general defined as m = 1.
The thickness profile of X-ray optic 018 (XRO 018) was modeled using UniformityPro and the resulting plume parameter was found to be m = 8.89 with a goodness of fit measurement calculated from the merit function, which is the sum of the squares of the difference between the measured value and its target, of 0.058. 
PERIODIC W/SI MULTILAYERS
Verification of the multilayer coating chamber began with the deposition of simple periodic W/Si multilayer coatings. However, the ultimate verification of the system requires the deposition of complex depth-graded multilayer structures. With this goal in mind, a depth-graded multilayer recipe was selected for the verification. This coating recipe is NuSTAR flight recipe (FR) 10, with N = 291, a d-spacing range of 75.4 -25Å, Γstack = 0.38, Γtop = 0.8 and a power law grading function [9] .
Three different d-spacings within the range of NuSTAR FR10 were selected for three periodic W/Si structures that are used to determine deposition rates of both the tungsten and silicon targets. Table 1 below lists the coating parameters of these three periodic recipes in addition to the FR10 recipe. XRR measurements were made of each of the three deposited periodic structures and those results along with the model fit to the data using the IMD software [10] are shown in Figure  5 . Graze Angle (deg) Model fits to the experimental data in Figure 5 allow the user to extract the experimental parameters of each of the three coatings including layer thickness, roughness and Γ. The experimental d-spacing for XRO 032, 034, and 035 are plotted as a function of exposure time used during deposition to determine approximate deposition rates of both the tungsten and silicon targets. Figure 6 shows these relations.
The slope of the linear fit to these data is found for both tungsten and silicon which gives the deposition rates for these materials. The deposition rate of tungsten is found to be 0.7624 Å/s while that of silicon is found to be 1.2286 Å/s. These values are then used to calculate the exposure times of each target for the first depth-graded multilayer coating run performed in the new deposition chamber. This depth-graded coating follows the recipe of NuSTAR FR10 and the results from which will be used to further characterize and verify the functionality of the newly implemented multilayer coating chamber. Exposure Time (s) Figure 6 . Fitted layer thicknesses for both the tungsten and silicon targets from XRR measurements of XRO 032, 034 and 035. Slope of the linear fit to these data given an experimentally accurate deposition rate (Å/s) for each of the two deposition materials.
CONCLUSIONS
The newly implemented multilayer coating deposition system at NASA MSFC has been characterized and verified by the demonstrated coating of glass and silicon test flats with single layer and periodic multilayer coatings. Coating thickness distributions and target deposition rates were studied with optimizations performed to improve coating uniformity. Periodic W/Si multilayer coatings of various d-spacings were deposited and measured using XRR to determine exact target deposition rates. These experimentally determined rates are then used to calculate the necessary exposure times for both the W and Si targets during future depth-graded coating runs. The first depthgraded multilayer based on NuSTAR FR10 will be used to further verify the system with other materials to be studied afterwards.
Further improvements to the system include implementation of an in situ stress sensor and ion mill. Additionally, the system geometry can be reconfigured to accommodate linear cathodes for future studies. Other work includes the development of an inverse solution of deposited depth-graded multilayer structures using the linear fits to periodic coatings such as those shown in Figure 6 . This solution gives the as-deposited layer thicknesses for multilayer coatings of various complexity, greatly reducing the uncertainty associated with as-deposited coating structure.
